Previous studies have established that 4-hydroxy-2-nonenal is a lipid hydroperoxide-derived aldehydic bifunctional electrophile that reacts with DNA and proteins. However, it has now been recognized that 4-oxo-2-nonenal is also a major product of lipid hydroperoxide decomposition. Furthermore, 4-oxo-2-nonenal is more reactive than 4-hydroxy-2-nonenal toward the DNAbases 2-deoxyguanosine, 2-deoxyadenosine, and 2-deoxycytidine and proteins. The formation of 4-oxo-2-nonenal can be induced through vitamin C-mediated or transition metal ion-mediated homolytic decomposition of polyunsaturated -3 lipid hydroperoxides such as 13(S)-hydroperoxyoctadecadienoic acid. We have discovered that synthetic 4-oxo-nonenal or 4-oxo-2-nonenal-generated from 13(S)-hydroperoxyoctadecadienoic acid recognizes the specific amino acid motifs of His 75 , Ala 76 , and Lys 77 in bovine histone H4. Reaction of the histidine and lysine residues with 4-oxo-2-nonenal results in the formation of a novel cyclic structure within the protein. The cyclic structure incorporates the histidine imidazole ring and a newly formed pyrrole derived from the lysine. The cyclic imidazole-pyrrole derivative that is formed from the small N␣-acetyl-His-Ala-Lys peptide exists as a mixture of two atropisomers that interconvert upon heating. Such lipid hydroperoxidederived modifications could potentially modulate transcriptional activation in vivo. Furthermore, the ability to synthesize cyclic peptides using 4-oxo-2-nonenal will facilitate the preparation of novel structural analogs with potential biological activity.
Over-production of reactive oxygen species during oxidative stress leads to the formation of PUFA 1 lipid hydroperoxides through hydroxyl radical-mediated abstraction of a bis-allylic hydrogen atom of the PUFA followed by attachment of molecular oxygen (1) . Linoleic acid, the major -6 PUFA present in plasma lipids, is converted to a complex mixture of 9-and 13-HPODE isomers. There is increasing awareness that oxidative stress can also lead to the production of PUFA lipid hydroperoxides by enzymatic pathways (2, 3) . LOXs (4) and COXs (5) can convert linoleic acid into HPODEs but with much greater stereoselectivity than is observed in free radical reactions. Human 15-LOX produces mainly 13-HPODE (6) . COX-1 and COX-2 produce mainly 13-HPODE and 9-HPODE by a mechanism similar to that described for dihomo-␥-linolenic acid (7) . The HPODEs are subsequently reduced to the corresponding 13(S)-and 9(R)-hydroxyoctadecadienoic acids through the peroxidase activity of the COXs (5, 8) . The other C-18 PUFAs, linolenic acid (-3) and dihomo-␥-linolenic acid (-6) , which are minor constituents of plasma lipids, are also metabolized by 15-LOX. Linolenic acid is a poor substrate for COX-1 and COX-2 (9), but dihomo-␥-linolenic acid has not been studied in detail. C-20 PUFAs all undergo 15-LOX-mediated conversion to hydroperoxides. The major 5-LOX-and COXderived products from C-20 PUFAs (apart from eicosadienoic acid) are prostaglandins, thromboxanes, and leukotrienes rather than lipid hydroperoxides.
PUFA lipid hydroperoxides undergo transition metal ionand vitamin C-dependent (10) decomposition to the ␣,␤-unsaturated aldehyde genotoxins, 4-oxo-2-nonenal, 4,5-epoxy-2(E)-decenal, and 4-hydroxy-2-nonenal (11). 4-Oxo-2-nonenal is a particularly potent lipid hydroperoxide-derived genotoxin (12) , which reacts with DNA-bases such as dGuo to form heptanoneetheno-dGuo adducts ( Fig. 1) (13) . We speculated that the guanidine moiety present in the amino acid arginine would react with 4-oxo-2-nonenal in a manner analogous to that observed with dGuo (Fig. 1A, box) . Indeed, arginine residues have been found to react with 4-oxo-2-noneal (14) . This finding stimulated an examination of how lipid hydroperoxide-derived 4-oxo-2-nonenal would modify arginine-containing proteins. Histones represent a class of proteins that are extremely arginine rich. Almost 14% of the histone H4 amino acids are arginine residues (Fig. 1B) . Furthermore, it is known that alkylation of histone arginine residues results in transcriptional repression (15) . Alkylation of arginine by lipid hydroperoxidederived bifunctional electrophiles could potentially exert a similar epigenetic effect. Thus, up-regulation of COXs, LOXs, or other biochemical pathways involved in free radical generation could be involved in modulation of transcription through pathways that have not been considered previously.
EXPERIMENTAL PROCEDURES
Materials and Reagents-Bovine histone H4 was purchased from Roche Applied Science. All synthetic peptides were purchased from Bio-Synthesis Inc. (Lewisville, TX). Trypsin, Staphylococcus aureus V8, ammonium bicarbonate, monosodium phosphate, disodium phosphate, CNBr, trifluoroacetic acid, and ␣-cyano-4-hydroxycinamic acid were * This work was supported by National Institutes of Health Grant CA95586. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
‡ To whom correspondence should be addressed: Center for Cancer Pharmacology, 1254 BRB II/III, 421 Curie Blvd., University of Pennsylvania, Philadelphia, PA 19104-6160. Tel.: 215-573-9880; Fax: 215-573-9889; E-mail: ian@spirit.gcrc.upenn.edu. 1 The abbreviations used are: PUFA, polyunsaturated fatty acid; HPODE, hydroperoxyoctadecadienoic acid; LOX, lipoxygenase; COX, cyclooxygenase; 13-HPODE, 13(S)-hydroperoxy-(Z,E)-9,11-octadecadienoic acid; 9-HPODE, 9(R)-hydroperoxy-(E,Z)-10,12-octadecadienoic acid; MOPS, 3-morpholinopropanesulfonic acid; HPLC, high pressure liquid chromatography; ESI/MS, electrospray ionization mass spectrometry; MALDI-TOF, matrix-assisted laser desorption/ionization time-of-flight; LC, liquid chromatography; CID, collision-induced dissociation; MRM, multiple reaction monitoring; AcHAK, N␣-acetyl-HAK; MH ϩ , protonated molecular ion; MH 2 ϩ2 , doubly charged protonated molecular ion; dGuo, 2Ј-deoxyguanosine; V8E, S. aureus V8 in bicarbonate buffer to cleave at Glu; V8DE, S. aureus V8 in phosphate buffer to cleave at Asp and Glu. purchased from Sigma. Formic acid (98%) was obtained from EM Sciences (Darmstadt, Germany). Ethanol was purchased from Pharmaco (Brookfield, CT). MOPS was obtained from Fluka BioChimika (Milwaukee, WI). Chelex-100 chelating ion-exchange resin (100 -200 mesh size) was purchased from Bio-Rad. HPLC-grade water and acetonitrile were obtained from Fisher. Gases were supplied by BOC Gases (Lebanon, NJ). ZipTipC 18 18 cartridges that were washed with 0.1% trifluoroacetic acid in H 2 O (2 ϫ 10 l) and eluted with 0.1% trifluoroacetic acid in 50% aqueous acetonitrile (10 l). They were pre-mixed (1:1) with a matrix solution consisting of saturated ␣-cyano-4-hydroxycinamic acid in 0.1% trifluoroacetic acid in 50% aqueous acetonitrile and air-dried.
LC/ESI/MS-Analyses were performed on an LCQ Classic ion trap mass spectrometer (Thermo Finnigan, San Jose, CA). ESI was conducted using a needle voltage of 4.5 kV. Nitrogen was used as the sheath (60 psi), and auxiliary (5 units) gas was used with the heated capillary at 180°C. CID experiments employed helium with a collision energy at 50% (1 V). Chromatography was performed using an Alliance 2690 HPLC system equipped with an autosampler, vacuum degasser, and column heater (Waters Co.). LC separations were performed using a Vydac C 18 (100 ϫ 1.0 mm inside diameter; 300 Å, 5 m) column with a flow rate of 50 l/min. Solvent A was 0.07% trifluoroacetic acid in water, and solvent B was 0.07% trifluoroacetic acid in acetonitrile. A linear gradient was employed as follows: 0 min, 1% B; 60 min, 91% B; 62 min, 100% B; 64 min, 1% B; and 90 min, 1% B.
LC/ESI/MRM/MS-Analyses were conducted on a TSQ 7000 triplequadrupole mass spectrometer (Thermo Finnigan). ESI was conducted using a needle voltage of 4.5 kV. Nitrogen was used as the sheath (60 psi), and auxiliary (10 units) gas was used with the heated capillary at 220°C. A collision offset energy of Ϫ30 eV and a collision cell pressure of 2.75 mT were used for CID experiments. Chromatography was also conducted using the Waters Alliance system. LC separations were performed using a Hypersil C 18 column (100 ϫ 1.0 mm inside diameter; 120 Å, 5 m) (BD Biosciences) with a flow rate of 50 l/min. Solvent A was 0.1% formic acid in water, and solvent B was 0.1% formic acid in acetonitrile. A linear gradient was employed as follows: 0 min, 1% B; 60 min, 91% B; 62 min, 100% B; 64 min, 1% B; and 90 min, 1% B.
NMR-1 H spectra (500 MHz) were determined at 25°C using a Varian UNITY 500 instrument. Samples were dissolved in 750 l of [ 2 H 4 ]methanol and introduced into an NMR tube (200 ϫ 5 mm outside diameter). The residual solvent peak (3.35 ppm) was used as the reference signal. Coupling constants were shown as Hz values. Acquisition conditions were as follows: spectral width of 6000 Hz, 30°pulse flip angle, 32,000 data points, and 32 transients.
Reaction of Histone H4 and Peptides with 4-Oxo-2-nonenal-Bovine histone H4 (9 nmol, 100 l in pH 7.0 Chelex-treated 50 mM MOPS buffer) was allowed to react with 4-oxo-2-nonenal (45 nmol, 20 l of ethanol) at 37°C for 24 h. The sample was desalted with a protein desalting spin column (gel permeation cartridge, cutoff of 7000 Da) divided into five aliquots. The modified histone H4 was digested separately with trypsin in 0. (pH 7). The mixture was kept at 37°C for 24 h. The modified peptide was purified on a YMC basic (150 ϫ 4.6 mm inside diameter; 120 Å, 5 m) column. Solvent A was 0.07% trifluoroacetic acid in water, and solvent B was 0.07% trifluoroacetic acid in acetonitrile. A linear gradient was run as follows: 0 min, 25% B; 15 min, 100% B; 17 min, 25% B; 30 min, 25% B. The flow rate was 800 l/min. The major peak (t R ϭ 6.8 min) was collected, and the fraction was concentrated to 1 ml under nitrogen. The concentrated fraction was desalted by using the same HPLC column and the water/acetonitrile mobile phase without trifluoroacetic acid. The pure adduct was obtained as a white solid (ϳ2 mg).
Chiral Separation of AcHAK/4-Oxo-2-nonenal Isomers-LC was performed using a Daicel Chiralcel OD-RH (tris(3,5-dimethylphenylcarbamoyl)cellulose-coated silica gel) column (150 ϫ 4.6 mm inside diameter) with UV detection at 220 nm. Solvents A and B were water and acetonitrile, respectively. A linear gradient was run as follows: 0 min, 10% B; 20 min, 40% B; 22 min, 10% B; 40 min, 10% B. The flow rate was 500 l/min. The first isomer (t R ϭ 13.5 min; ϳ1 mg) and the second isomer (t R ϭ 14.5 min; ϳ1 mg) were collected separately, concentrated under a nitrogen stream, and obtained as white solids.
RESULTS

LC/ESI/MS Analysis of Intact Bovine
Histone H4 -The expected molecular mass of bovine H4 based on the amino acid sequence is 11,236.2. The multiply charged ion envelope was consistent with the presence of three molecular forms. Deconvolution of the signals revealed the presence of three different post-translation modifications, including dimethylation (11,265.01 Ϯ 1.58 Da), acetylation together with dimethylation (11,307.01 Ϯ 1.39 Da), and diacetylation together with dimethylation (11,348.01 Ϯ 1.20 Da). The most abundant molecular form (as judged by its molecular ion envelope intensity) was acetyl-dimethyl-histone H4.
LC/ESI/MS Analysis of Bovine Histone H4 Digests-It was possible to obtain 89% coverage of the bovine histone H4 protein (Table I) . Structural assignments were all confirmed by CID analysis and comparison of spectra with ProteinProspector version 4.0.5 (MS-digest). LC/MS analysis of selected peptide fragments obtained on trypsin digestion is shown in Fig. 2A . LC/MS analysis of selected V8 peptide fragments is shown in Fig. 3B . These experiments identified the site of dimethyllysine modification as Lys 20 and acetylation as Lys 16 . The other (minor) site of acetylation was tentatively assigned as Lys 5 at m/z 397. There was a concomitant increase in the formation of a compound with a retention time of 13.9 min and an MH ϩ at m/z 515. After 24 h, there was one major ion detected in the LC/MS total ion chromatogram (Fig. 5a ). There was a substantial reduction in the amount of AcHAK, as evidenced from the intensity of the ion chromatogram for MH ϩ (m/z 397) (Fig. 5b ). An intense ion chromatogram was observed for MH ϩ of the modified peptide at m/z 515 (Fig. 5c) . CID of MH ϩ of the major product (m/z 515) resulted in the formation of a series of product ions at m/z 487 (MH ϩ -CHϭNH), 444 (MH ϩ -C 5 H 11 ), 428 (MH ϩ -CH 3 CONH 2 -CHϭNH) (Fig. 6A ). This fragmentation pattern provided no structurally significant ions, in contrast to the unmodified AcHAK peptide. CID of MH ϩ from AcHAK (m/z 397) resulted in the formation of ions at m/z 269 (b 2 ϩH 2 O), 251 (b 2 ), 218 (y 2 ), 180 (b 1 ), 152 (a 1 ), and 147 (y 1 ) (Fig. 6B) .
Characterization of 4-Oxo-2-nonenal-modified AcHAK-The modified AcHAK peptide was purified to homogeneity by reversed-phase HPLC. (Fig. 7) . This result suggested that there was a mixture of two isomers present. Chiral chromatography on a Daicel Chiralcel OD-RH was used to separate the two isomers (Fig. 8) . NMR for the first eluting isomer (␦ ppm) was as follows: 0.86 (3H, t, J ϭ 6.5 Hz; CH 3 Purified isomer 1 and purified isomer 2 were heated at 50°C in water for 150 h. Analysis by chiral chromatography showed that eventually an equilibrium was established in which there was 40% of isomer 1 and 60% of isomer 2 present.
LC/MS Analysis of the Reaction of AcHAK with Deuterated 4-Oxo-2-nonenal Analogs-Treatment of AcHAK with 3-[
2 H]-4-oxo-2-nonenal resulted in the formation of an adduct with identical LC/ESI/MS characteristics to the adduct obtained from reaction of the protium form of 4-oxo-2-nonenal with AcHAK. The molecular ion region revealed ions at m/z 515.3 (MH ϩ protium form; 100%), 516.3 (24%), 517.3 (4%), and 518.3 (1%) (Fig. 9A) . The product from 2-[ 2 H]-4-oxo-2-nonenal was different in the molecular ion region. Ions were observed at m/z 515.3 (MH ϩ of protium form; 68%), 516.3 (MH ϩ of deuterium form; 100%), 517.3 (32%), and 518.3 (6%) (Fig. 9B) (Fig. 10A ). An identical spectrum was obtained from D 68 AVTYTEHAKR 78 isolated from the tryptic digestion of 4-oxo-2-nonenal-modified histone H4 (Fig. 10B ). An LC/MRM/MS method was developed using the transition 704.8 (MH 2 ϩ2 ) 3 m/z 1123.6 (y 8 ). Using a Hypersil reversed-phase column with a linear water/acetonitrile gradient, the major adduct eluted at 42.9 min. It was possible to separate two additional isomers with retention times of 44.0 and 46.2 min (Fig. 11A, upper) . As expected, there were no signals in the channel corresponding to the 13 C 9 analog (709.3 3 m/z 1132.6) (Fig. 11A, lower) (Fig. 11A, upper) at a retention time of 42.9 min was observed at a similar retention time of 42.6 min (Fig. 11B, upper) . The two other isomers were present at retention times of 43.6 and 45.9 min, respectively. Their retention times were also similar to the later eluting adducts observed in the reaction of 4-oxo-2-nonenal with D 68 AVTYTEHAKR 78 (Fig. 11A, upper) . However, these adducts were present in much lower abundance. There was a minor signal in the channel corresponding to the 13 C 9 analog (709.3 3 m/z 1132.6), which was not derived from the interaction of 13-HPODE with histone H4 (Fig. 11B, lower) (Fig. 11C, upper) . The channel corresponding to the 13 C 9 isomers (Fig. 11C, lower) revealed the presence of a major adduct with an identical retention time to that observed previously (Fig. 11, A and B, upper) . Minor isomers of the 12 C analog were observed at 43.4 and 45.7 min, respectively (Fig.  11C, lower) (Fig. 12A) . The molecular ion region of the major (first eluting) adduct revealed ions at m/z 1408.7 (MH ϩ protium form; 100%), 1409.7 (81%), 1410.7 (30%), 1411.8 (10%), and 1412.6 (2%) (Fig.  12A) . The major product from 2-[ 2 H]-4-oxo-2-nonenal was different in the molecular ion region. Ions were observed at m/z 1408.7 (MH ϩ of protium form; 53%), 1409.7 (MH ϩ of deuterium form; 100%), 1410.7 (61%), 1411.7 (23%), and 1412.8 (8%) (Fig.  12B) . The molecular ion region obtained from the major 2,3-[ 2 H 2 ]-4-oxo-2-nonenal-derived adduct was essentially identical with the major adduct obtained from 2-[ 2 H]-4-oxo-2-nonenal. Ions were observed at m/z 1408.7 (MH ϩ protium form; 88%), 1409.7 (MH ϩ deuterium form 100%), 1410.7 (44%), 1411.7 (19%), and 1412.8 (3%). The less abundant adducts retained deuterium during the reaction. DISCUSSION It has long been thought that 4-hydroxy-2-nonenal is the major lipid hydroperoxide-derived aldehydic bifunctional electrophile that reacts with DNA (18) and proteins (19) . However, it has now been recognized that 4-oxo-2-nonenal is also a major product of homolytic lipid hydroperoxide decomposition (12, 20) , and that it is more reactive than 4-hydroxy-2-nonenal toward the DNA-bases dGuo (13, 21) , 2Ј-deoxyadenosine (22, 23) , and 2Ј-deoxycytidine (24) , as well as selected amino acids (14) and proteins (25, 26 ). The precise mechanism for 4-oxo-2-nonenal formation from lipid hydroperoxides is still somewhat controversial. However, there is unequivocal evidence that 
